The chloroplastic glutamine synthetase (GS, EC 6.3.1.2) activity was previously shown to be the limiting step of photorespiratory pathway. In our experiment, we examined the photosynthetic high-light responses of the GS2-mutant of barley (Hordeum vulgare L.) with reduced GS activity, in comparison to wild type (WT). The biophysical methods based on slow and fast chlorophyll fluorescence induction, P700 absorbance, and gas exchange measurements were employed. Despite the GS2 plants had high basal fluorescence (F 0 ) and low maximum quantum yield (F v /F m ), the CO 2 assimilation rate, the PSII and PSI actual quantum yields were normal. On the other hand, in high light conditions the GS2 had much higher non-photochemical quenching (NPQ), caused both by enhanced capacity of energy-dependent quenching and disconnection of PSII antennae from reaction centers (RC). GS2 leaves also maintained the PSII redox poise (Q A À /Q A total) at very low level; probably this was reason why the observed photoinhibitory damage was not significantly above WT. The analysis of fast chlorophyll fluorescence induction uncovered in GS2 leaves substantially lower RC to antenna ratio (RC/ABS), low PSII/PSI ratio (confirmed by P700 records) as well as low PSII excitonic connectivity.
Introduction
Plants convert the light energy into chemical energy (ATP and NADPH) through the photosynthetic electron transport on thylakoid membranes in chloroplast. This energy can be used for fixation of CO 2 in Calvin cycle. However, plants are exposed to extremely variable conditions (e.g. excess of incident light, CO 2 shortage due to closed stomata, variable temperature, stresses) inevitably causing imbalances between supply and demand of energy at different levels. The excess of energy can result to damages of molecular structures in chloroplast (photoinhibition). Therefore, the complex of precisely regulated protective mechanisms acts to keep the functionality of the photosynthetic apparatus (Melis, 1999; Allakhverdiev et al., 2008; Vass, 2012) .
The photorespiration is generally considered a "safety valve" of photosynthesis (Osmond and Grace, 1995) . The photorespiratory pathway starts with the oxygenase reaction catalyzed by ribulose-1,5-bisphosphate carboxylase/oxygenase enzyme (Rubisco), producing glycollate-2-phosphate, which is then metabolized to form the Calvin cycle intermediate glycerate-3-phosphate. During this metabolic process, ATP and reducing equivalents are consumed. Thus, the pathway represents the energy sink, which enables to prevent the over-reduction of the photosynthetic electron transport chain, especially under stress conditions leading to low CO 2 assimilation rates (Wingler et al., 2000; Foyer et al., 2009) .
Although photorespiration includes many metabolic steps which are performed across chloroplasts, mitochondria and peroxisomes, several studies suggest that the rate-limiting step is the reassimilation of ammonia catalyzed by chloroplastic glutamine synthetase (GS2) (Wallsgrove et al., 1987; Häusler et al., 1994a) . Kozaki and Takeba (1996) have demonstrated that a transgenic tobacco plant over-expressing chloroplastic glutamine synthetase had increased photorespiration capacity.
In plants, GS2 together with ferredoxin-dependent glutamate synthase (Fd-GOGAT) plays a major role in re-assimilation of ammonium liberated in mitochondria by the glycine decarboxylase, in the pathway known as glutamine synthetase/glutamate synthase (GS/GOGAT) cycle in chloroplasts. Moreover, the product of this cycle, glutamate, is required for one of the peroxisomal transamination reactions. The GS/GOGAT cycle runs in chloroplast and it is directly associated with photosynthetic electron transport as it consumes electrons from taken from reduced ferredoxin at the acceptor side of photosystem I (PSI) and ATP (Hodges et al., 2013) .
Thus, the activity of GS2 is essential for the process of photorespiration and decrease in the GS2 enzymatic activity leads to multiple effect, including decrease of ammonium re-assimilation, accumulation of metabolic intermediates due to interruption of photorespiratory cycle beyond Rubisco as well as by the direct effects on the redox poise of electron carriers in chloroplast, as it was demonstrated on GS2 mutant studies (Wingler et al., 2000) .
Mutants of the photorespiratory cycle have contributed significantly to the understanding of this biochemical pathway and its links to other physiological processes (Leegood et al., 1995; Somerville, 2001; Reumann and Weber, 2006) . The changes in phenotypes of these mutants compared to wild type have been assumed to be due to the depletion of photosynthetic carbon and nitrogen cycle intermediates and perhaps to the accumulation of toxic photorespiratory intermediates (Cousins et al., 2008) . While the mutants with completely reduced activity of particular photorespiratory enzymes (i.e. the homozygous photorespiratory mutants) are not able to survive at ambient CO 2 concentrations, the heterozygous mutants with only partially reduced enzyme activities can be grown well in air (Wingler et al., 2000) . The GS2 mutant of barley was shown to have normal rates of photosynthesis in moderate light and ambient CO 2 , but lower rates when photorespiratory flux was increased in high light and low CO 2 (Häusler et al., 1994a; Wingler et al., 1999) . Wingler et al. (2000) suggest three ways how the reduced photorespiratory enzyme activity may affect photosynthesis in mutant plants. First, an impairment of the recycling of the carbon in the photorespiratory pathway could result in a depletion of Calvin cycle metabolites. The supply of glutamine to a GS2 mutant of barley restored photosynthetic activity (Blackwell et al., 1987) . However, the pools of RuBP was shown to be almost unaffected by mutation of GS-2 (Leegood et al., 1995; Wingler et al., 1999) .
The second possible effect could be an impairment of photorespiratory nitrogen re-assimilation resulting in a decline in the leaf nitrogen and protein content. In the GS2 mutants, the problem with NH 3 loss can be expected (Häusler et al., 1994a) . However, this effect can be partially diminished by alternative pathway, where the mutants bypass the normal photorespiratory pathway by oxidative decarboxylation of glyoxylate and formation of serine from formate. The advantage of this alternative photorespiratory pathway is the absence of NH 3 loss . The lower leaf protein content was shown be a factor of lower importance in GS2 mutants (Wingler et al., 2000) .
The third possible constraint affecting photosynthesis could be accumulation of photorespiratory metabolites having a feedback effect on Calvin cycle activity (Leegood et al., 1995 . NH 3 accumulation has probably only negligible direct negative effect on photosynthetic electron transport (Blackwell et al., 1987) . Accumulation of serine is also unlikely to inhibit photosynthesis (Wingler et al., 2000) . The more probable is the regulatory feedback effects of some metabolites on enzyme activities, e.g. changes glyoxylate content in GS2 mutants influenced the activation state of Rubisco (Campbell and Ogren, 1990) .
In our study, we have examined photosynthetic responses of GS2 mutant of barley with reduced activity of chloroplastic glutamine synthetase, employing mainly the non-destructive biophysical tools. In addition to conventional saturation pulse method of chlorophyll fluorescence (Schreiber, 1986 ) measured simultaneously with gas exchange or P700 absorbance, we applied also the analysis of fast chlorophyll a fluorescence induction. This analytical tool can serve as a valid examination of environmental effects on the photosynthetic apparatus ( Ziv cák et al., 2008; Kalaji et al., 2012; Bresti c et al., 2012) . Our results indicate that the mutation of the enzyme not directly associated with conversion of light energy led to surprisingly significant modifications of structure and function of photosystems.
Materials and methods

Plant material
As a plant material, the genotypes of barley (Hordeum vulgare L.) were used. We examined the "wild type" barley cv. Kompakt (hereinafter labeled WT) and GS2-mutant of barley, i.e. the heterozygous photorespiratory mutant with reduced activity of chloroplastic glutamine synthetase (GS2, EC 6.3.1.2), provided by P. Lea, University of Lancaster, UK. This mutant was obtained by crossing mutant deficient in chloroplastic GS activity with non-mutant barley line. The heterozygous mutant were characterized with app. 66% GS2 activity compared to WT (Häusler et al., 1994b) .
Cultivation of plants
In outdoor experiments, the plants were grown in the pots (18 l pots with soil substrate and 40 plants per one pot) under natural light. Plants were watered twice a day (according to their demands) and supplied by inorganic fertilizers.
In laboratory experiments, the plants were cultivated in middlesize pots (4 l) in standard peat substrate with neutral pH (9 plants per pot). The pots were regularly irrigated and occasionally fertilized using standard liquid fertilizer with micronutrients. Plants were grown in a growth chamber with artificial light provided by fluorescent tubes (Osram Fluora) with maxima in red and blue spectral region; the incident PAR at leaf level was app. 250 mmol . The photoperiod was 14 h light/10 h dark with light intensity reduced by half during the first and the last hour of light period. Temperature ranged between 20 C at night and 25 C during the light period.
The chlorophyll fluorescence measurements of daily course
The measurements of chlorophyll a fluorescence outdoors were performed with a portable MINI-PAM fluorometer (Walz, Germany). The first measurements of F 0 and F m were made before sunrise using dark leaf clips. Thereafter the measurements of the same parameters were made from sunrise to sunset in 1-h intervals. The initial (F 0 
Measurements of incident light
The diurnal environmental fluctuations in 5-s intervals were monitored, and the data were averaged each 5 min by the automatic micro-meteorological station Datalogger LI-1400 (LiCor, USA) with compatible horizontally oriented sensors of photosynthetically active radiation e LI-190SA (other parameters like global radiation, air temperature and relative humidity, soil temperature and leaf temperature and leaf water potential were also recorded, but are not presented here).
Simultaneous measurements of gas exchange and chlorophyll fluorescence
The light response curve was recorded using a Ciras-2 (PP-systems, UK) with simultaneous measurement of chlorophyll fluorescence. Before the measurements, plants were exposed to ambient light in the growth chamber for at least 30 min. Immediately before the measurements, plants were dark adapted for 20 min in dark box and for app. 3 min in the measuring head. The F 0 and F m values were then determined using saturation flash with measurements of CO 2 and H 2 O followed by saturation pulse and far-red pulse for F 0 0 determination. Within the measuring head the following conditions were maintained: leaf temperature 20 C, reference CO 2 content 380 ppm, and ambient air humidity. A range of measured and calculated fluorescence parameters were used in the analysis (Table 1) . Table 1 Measured and calculated chlorophyll fluorescence and P700 parameters.
Parameters
Name and basic physiological interpretation 
Maximum variable fluorescence from dark adapted leaf F 0 0 Minimum fluorescence from light adapted leaf P P700 absorbance at given light intensity Pm, Pm 0 Maximum P700 signal measured using saturation light pulse following after short far-red pre-illumination in dark (Pm) or light adapted state.
Chlorophyll fluorescence parameters derived from the saturation pulse analysis (Schreiber, 1986; Genty et al., 1989; Kramer et al., 2004 )
Estimated maximum quantum efficiency (yield) of PSII photochemistry
Coefficient of photochemical quenching based on the "puddle" model (i.e., unconnected PSII units)
Excitation pressure; the ratio of reduced Q A to total Q A pool
Quantum yield of non-regulated energy dissipation in PSII
Quantum yield of pH-dependent energy dissipation in PSII PSI parameters derived from the saturation pulse analysis of P700 absorbance (Klughammer and Schreiber, 1994) F PSI ¼ (P m 0 À P)/P m Estimated effective quantum yield (efficiency) of PSI photochemistry
þ /P 700 (total) ¼ P/P m Fraction of overall P700 that is oxidized in given state due to a lack of electrons coming from electron donors 12
Fraction of overall P700 that is oxidized in given state by saturation pulse due to a lack of electron acceptors 12
Basic values and JIP-test parameters derived from the fast chlorophyll fluorescence induction (Strasser and Srivastava, 1995; Strasser et al., 2000 Strasser et al., , 2010 Stirbet and Govindjee, 2011) 
Relative variable fluorescence at time t, (V J , V I at 2 ms, 30 ms) dV/dt 0 Initial slope of fast fluorescence induction Area Area above the OJIP curve between F 0 and F m and the F m asymptote
Probability with which a PSII trapped electron is transferred beyond Q A
Probability with which a PSII trapped electron is transferred from reduced Q A beyond PSI (to PSI electron acceptors)
Probability with which e -from Q B will be transferred beyond PSI (Klughammer and Schreiber, 1994) . Saturation pulses (10,000 mmol photons m À2 s À1 ), intended primarily for determination of chlorophyll fluorescence parameters, were also used for the assessment of P700 parameters. As with gas exchange measurements, analyzed plants were first exposed to ambient light in growth chamber for at least 30 min; immediately before the measurements, plants were dark adapted for 20 min in a dark box and for app. 2 min in the measuring head. After determination of F 0 , F m and P m , the induction curve at light intensity similar to ambient (130 mmol photons m À2 s À1 ) was used for induction of photosynthesis. After a steady-state was reached, a rapid light curve was initiated (light intensities 21, 45, 78, 134, 224, 347, 539, 833, 1036, 1295, 1602, 1960 mmol photons m À2 s À1 ; duration of illumination at each light intensity was 30 s). In all chlorophyll fluorescence records, the correction for PSI fluorescence was done by method of Pfundel (Pfundel, 1998) .
Measurements and analyses of fast chlorophyll fluorescence induction
ChlF induction curve was obtained by using Handy-PEA fluorimeter (Hansatech Instruments Ltd., UK). First, we measured fluorescence transient in leaves kept in darkness for 30 min; this was our control. Then, we applied HL (see above: the protocol); and fluorescence transient was measured 1, 5, 10, 15 and 30 min after recovery from light. Fast fluorescence transients (the OJIP phase, where O stands for origin (minimal fluorescence); J and I are inflections, and P stands for the peak, maximum fluorescence), thus obtained, and were analyzed by the so-called "JIP test" (Strasser and Srivastava, 1995; Strasser et al., 2000 Strasser et al., , 2010 Stirbet and Govindjee, 2011) . The measured and calculated JIP parameters are in Table 1 .
Determination of photosynthetic pigments
The segments from the mature, fully expanded WT and GS2 leaves were homogenized using sea sand, MgCO 3 and 100% acetone and then extracted with 80% acetone. After 2-min centrifugation at 2500 rpm, absorbance of the solution was measured, by a VIS spectrophotometer (Spekol 11, Carl Zeiss, Jena, Germany), at 470 nm, 647 nm, and 663 nm, with a correction for scattering, measured at 750 nm. The concentrations of Chla, Chlb and carotenoids (Car) per leaf area unit were determined, using the equations of Lichtenthaler (Lichtenthaler, 1987) . Five leaves of each genotype were analyzed.
Photoinhibitory treatment
The photoinhibitory treatments reported here were realized in laboratory conditions (temperature w 23 C, ambient CO 2 content). The middle parts of leaves (which were measured) were exposed to PAR intensity at the leaf level w1200 mmol photons m À2 s À1 provided by external halogen source with white polychromic light, tested by light meter Li-Cor LI-250A. Before and after photoinhibitory treatment, the chlorophyll a fluorescence (and P700) was measured at exactly the same position on leaf by saturation pulse method using Dual-PAM-100 fluorimeter 1, 5, 10, 15 and 30 min after recovery from light. The calculated parameters are defined in Table 1 . In other samples, the analogical measurements were done using Handy PEA continuous flurimeter (Hansatech, Germany) as described below.
Results
During the sunny and warm day, the chlorophyll fluorescence measurements were done regularly in leaves illuminated by natural sunny light to record the daily course of chlorophyll fluorescence yields (Fig. 1) .
The results clearly indicate that the photosynthetic responses to high light in GS2 barley mutant are substantially different to WT. In addition to high F 0 level and low F v /F m in GS2, the early decrease of F m 0 below the F 0 level induced by the moderate light intensities was also quite unusual. Such a decrease was not observed in WT even in midday. It is evident that the photochemical activity in GS2 leaves in high light conditions was strongly suppressed in favor of the non-photochemical processes. Hence, the reduced activity of chloroplastic glutamine synthetase in mutant plants influences strongly the conversion of energy, making the PSII necessarily much more endangered by the photoinhibition in high light conditions compared to WT (this issue will be further discussed).
To reveal the causes of atypical expression in mutant plants, another experiment was carried out in laboratory conditions. Despite the significantly lower maximum quantum yield of PSII photochemistry (F v /F m value) in GS2 mutant, simultaneous measurements of CO 2 assimilation and chlorophyll fluorescence at gradually increasing light intensities (photosynthetic light response curves, Fig. 2) showed only insignificant differences both in assimilation rate as well as in actual PSII quantum yield (F PSII ). However, we observed significantly higher photochemical quenching parameter qP (Fig. 2C) , as well as higher nonphotochemical quenching (Fig. 2D ) in GS2 plants compared to WT.
Similar protocol (the rapid light curves) of simultaneous measurements of chlorophyll fluorescence and photosystem I absorbance (reflecting changes of P700 redox status) confirmed previous results, as we found insignificant differences in PSII and PSI quantum yields only (Fig. 3 A, B) , but substantially higher qP and NPQ (Fig. 3G, H) . At high light, we observed slightly higher PSI donor side limitation in GS2 indicating lower electron supply from PSII. We observed in GS2 also significantly lower values of F NO and F NA (Fig. 3E, F) . The first one represents the fraction of absorbed light by PSII that was not used by photochemistry nor dissipated by regulated non-photochemical quenching. The second parameter (F NA ) quantifies the PSI acceptor side limitation, i.e. the level of reduction of PSI electron acceptors.
The values of some PSII and PSI parameters obtained in Fig. 3 were mutually correlated to uncover more the reason of differences between WT and GS2 (Fig. 4) .
The photochemical quenching qP reflects the fraction of open reaction centers with Q A in fully oxidized state (Krause et al., 1982) . Hence, 1 À qP represents the fraction of closed reaction centers with a reduced form Q A À . It represents also the PSII redox poise; moreover, 1 À qP serves as an estimate of the 'Excitation Pressure' (Weis et al., 1987) . The relationship of the PSII and PSI redox poise (supply of electrons by PSII vs. demand for electrons at PSI) uncover shift of the balance between excitation of PSII and PSI (Fig. 4A ). Compared to WT, in GS2 leaves the P700 þ accumulated more quickly than Q A À ; it means that at the same light intensity, the PSII release less e -than PSI. The relationship between excitation pressure and NPQ (Fig. 4B) show also different trends, with much higher level of NPQ at much lower excitation pressure in GS2 leaves. Moreover, there is obviously biphasic increase of NPQ. In both GS2 and WT the first phase of step increase of NPQ starts at excitation pressure (1 À qP) value w 0.15 and saturates at w 0.4 (NPQ w 1.9 in WT and w3.0 in GS2). Then, in GS2 the second significant rise started, while in WT there were only signs of increasing. We suggest this biphasic character can be attributed to two different mechanisms contributing to non-photochemical quenching (this issue will be discussed below). The relationship between PSI redox poise (P700 þ /P700 total) and NPQ (Fig. 4C ) show almost linear trend (except for the final phase of the curve). Table 1 . This is probably because the redox status of P700 modulates the proton gradient (DpH) between stroma and lumen in thylakoids by triggering the cyclic electron flow (Munekage et al., 2004) . The initial slope of the curve for GS2 was higher than in WT (Fig. 4C) , supporting the idea of higher capacity of DpH dependent quenching.
In the next step, we have analyzed the rapid chlorophyll a kinetics record obtained at continuous illumination by strong actinic light pulse for 1 s (Fig. 5A) .
It is evident that F 0 was much higher in GS2 leaves, while the F m was similar to WT. The insertions in graph also indicate the differences in shape of the curve: the steeper initial slope (in time 0e2 ms), but slower increase of the fluorescence intensity in the next step (2e 30 ms) in GS2 leaves compared to WT. Another difference is evident when the initial phase is mathematically normalized (Fig. 5B) . The substantial difference in sigmoidal character of the curves indicates much lower excitonic connectivity among PSII units in GS2 leaves compared to WT (Strasser and Stirbet, 2001; Stirbet, 2013) . By applying the mathematical model designed by Strasser (Strasser and Srivastava, 1995; Strasser et al., 2000 Strasser et al., , 2010 Stirbet and Govindjee, 2011) we calculated several biophysical parameters, presented here in relative values (Fig. 5C ). In addition to significant differences in F 0 and F v /F m mentioned even before, the analysis uncovered differences between GS2 and WT in several other parameters.
The number of active reaction centers per absorbed light unit (RC/ABS) was in GS2 only half of those in WT. The value of the probability that trapped electron will be transported beyond the primary electron acceptor Q A (j Po ) was lower in GS2, indicating limitation at PSII acceptor side. But the lower number of RCs and PSII donor side limitation was balanced by enhanced electron transport between PSII and PSI (indicated by parameters d REo ), probably due to lower PSII/PSI ratio (Schansker et al., 2005; Ceppi et al., 2012) and hence, the overall probability that trapped electron will move through PSII to PSI electron acceptors was higher in GS2 than in WT. As the area above fluorescence curve indicating the total pool of PSII electron acceptors was the same in WT and GS2, we may suggest that the low number of reaction centers is at least partially balanced by enhanced PSI-PSII electron transport. Despite anomalous shape of OJIP-transient caused by low number of reaction centers compared to the antenna size, the electron transport capacity seems to be retained.
The enhanced non-photochemical quenching, low excitation pressure at normal level of CO 2 assimilation rate allows us to assume that GS2 is expected to be more resistant to photoinhibition than WT. However, the results of photoinhibitory treatment followed by measurements of relaxation kinetics (Fig. 6) showed that the resistance to the short period of high light was in GS2 similar to WT plants. The relaxation kinetics of NPQ (Fig. 6 B) suggests that the increase of NPQ in GS2 was really caused by well-regulated dissipation of excessive light. Despite higher non-relaxed NPQ after 30 min in the dark, the relaxed NPQ in GS2 was two times higher than in WT. The same was valid for the rapid relaxation of F v /F m and NPQ (after 1 min in the dark) indicating much higher qE in GS2 compared to WT. Thus, the relaxation kinetics confirmed much higher level of photoprotection in GS2, which was, however, not resulted to higher level of resistance to photoinhibition than in WT.
When we look at detail of relaxation of Fo and F m values in dark after photoinhibitory treatment (Fig. 7) , we can see much higher amplitude between values in 1 min and 30 min of darkness in GS2 than in WT e this amplitude was hidden when we have looked at F v /F m relaxation only. It is interesting that, after photoinhibitory treatment, the high F 0 of GS2 plants fell down at the level of WT and relaxed slowly, but after 30 min of dark recovery, the F 0 level in GS2 was still below the initial F 0 level. In contrary, in WT the F 0 fell also slightly below initial F 0 level, but during recovery F 0 got early above the initial F 0 level. We suggest that the energy dissipating components (such as zeaxanthin) are inactivated in GS2 much more slowly and even after 30 min there is still present evident F 0 quenching, which is not the case of WT.
The analysis of photosynthetic pigments realized before exposition of plants to high light conditions (Table 2 ) indicate also . The measurements were done with fluorescence imaging system (Imaging-PAM, Walz, Germany). significant differences between WT and GS2 in chlorophyll a and total chlorophyll content, but not in chlorophyll b or total carotenoid content. Consequently, in GS2 leaves, the chlorophyll a to b ratio as well as chlorophyll to carotenoid ratio were significantly lower compared to WT.
Discussion
GS2 mutant with reduced activity of chloroplastic glutamine synthetase is expected to reduce the rate of photorespiration, because glutamate is lacking for the transamination of glyoxylate to glycine (Kozaki and Takeba, 1996) . The mutant we used belongs to the group of heterozygous mutants of barley, in which photorespiratory flux is restricted by reduced photorespiratory enzyme activities. The GS2 mutants of barley has usually normal rates of photosynthesis in moderate light and ambient CO 2 (Häusler et al., 1994a; Wingler et al., 1997) ; this was confirmed also by our measurements. It was previously shown that the reduced GS activity led often to decrease of CO 2 assimilation and PSII electron transport rate, but mostly in photorespiratory conditions (Häusler et al., 1994a; Wingler et al., 1999; Streb et al., 1998) . This was probably the case of our measurements in natural sunlight (Fig. 1) , where the F m 0 decrease evidently goes along with low PSII quantum yield and ETR. It was previously concluded that the negative effect of reduced GS activity acts mainly through accumulation of toxic metabolic intermediate products (Wingler et al., 2000) . The CO 2 assimilation rate in GS2 leaves was not below WT in our experiments (Fig. 2) ; anyway, it may be also caused by the fact that the measurements were done in dark relaxed leaves in laboratory conditions (plants spent some time in conditions with elevated CO 2 ) and this might not be the case in the conditions where the plants were normally grown, especially if some stress conditions occurred. As mentioned before, the GS2 mutation is expected to affect the processes related to the dark phase of photosynthetic process. Therefore, it is surprising to what extent it affects the parameters related to the primary conversion of light energy (PSII and PSIrelated parameters). The light and dark processes are interconnected mainly through ATP and NADPH. Thus, decrease of photorespiration rate may lead to decrease of ATP and NADPH consumption, leading to decline in linear electron transport between PSII and PSI. Anyway, the photosynthetic rate is generally very variable during the day, depending strongly on CO 2 availability due to the openness of stomata. Therefore, the relatively small decrease of electron transport expected through the partial decrease of photorespiration due to GS2 mutation may hardly explain the major residual effects, which we have observed.
One of the most typical properties of GS2 plants is the excessive non-photochemical quenching (NPQ values frequently exceeding 4), which exceeds the values typically found in annual grass species, even exposed to severe stress (Zivcak et al., 2013) , such high values are more typical for evergreen woody plants. Parameter (NPQ) reflects the decrease of fluorescence yield due to energy dissipating processes in PSII. In fact, in NPQ value can be involved several components. The "energy dependent" quenching (qE) is the fastrelaxing, delta pH-dependent component of NPQ. The low pH of thylakoid lumen activates qE by protonating the protein PsbS (Li et al., 2000) and by xantophyll cycle (Demmig-Adams and Adams, 1992) . The qT component is relaxing more slowly and is associated with state transitions, but it is more typical for algae and low light conditions. The slow relaxing qi component can be caused either by the photoinhibition (accumulation of photodamaged RCs) or slow relaxing photoprotective responses. Our results indicate that, in GS2, both fast relaxing component (qE) and slow relaxing dissipative processes contributing to qi were higher than in WT. The bi-phasic trend of NPQ increase (Fig. 4B) suggests that there are at least two major processes contributing to NPQ. The first one seemed to be the typical DpH dependent component of NPQ associated with inter-conversions of xanthophylls (Demmig-Adams and Adams, 1992) . This component seemed to be linearly correlated with P700 redox status and the trigger of cyclic electron flow. On the other hand, the second phase (we estimate its contribution to total NPQ at maximum light intensity to w10% in WT and w30% in GS2) can be well explained by disconnection of PSII antenna complexes from RCs. Decreases in F 0 (clearly evident in GS2, Fig. 7 ) are thought to be indicative of a photoprotective process by means of a disconnection of PSII from the LHCs, whereas sustained increases in F 0 are associated with photoinhibitory damage (Demmig-Adams and Adams, 1992) . Recently, the several molecular studies were published uncovering the role of the protein kinases in protection against high light, where the antenna complexes are released from PSII RCs, but unlike the state transitions, they are not moved to PSI (Fristedt and Vener, 2011) . This mechanism was found in grass species, like barley, but it was rare in dicots (Chen et al., 2013) . The contribution of LHCs disconnection to total NPQ can well explain also slow-relaxing component of NPQ mentioned above, which was significant in GS2, but hardly distinguished in WT.
This all, however, does not explain the reason why the excessive NPQ is present in GS2 plants. The important information brought the analysis of rapid chlorophyll a fluorescence transient about substantially lower values of RC/ABS. This parameter reflects, in fact, the ratio between the number of RCs and size of antenna complexes; in other words, it represents the estimate of the ratio between the number of chlorophyll molecules in RC and the number of chlorophyll molecules in PSII antenna complexes (Stirbet and Govindjee, 2011) . This assumption is supported also by the results of photosynthetic pigment analysis, as chlorophyll a to b ratio was significantly lower in GS2 plants ( Table 2 ). The chlorophyll a to b ratio in LHC of PSII was shown to be app. 1.33 (Tanaka and Tanaka, 2011) ; thus, increase in LHC to RC ratio would lead to decrease in chlorophyll a to b ratio. A low value of RC/ABS in GS2 leaves can be caused by decrease of the number of RCs as well as by increase of PSII antenna size compared to wild type. As the chlorophyll b content was the same in GS2 and WT, we can assume that there is the similar size of PSII antenna complexes, but lower number of reaction centers in GS2 leaves compared to WT.
To uncover the phenomena observed in GS2 leaves, we have searched for the analogical observations in well defined conditions. Such results were found for samples treated by the lincomycin; the compound recently commonly used in the photoinhibition studies. Lincomycin specifically inhibits the protein synthesis in the chloroplast (Mulo et al., 2003) and on the short run it avoids the repair of D1 protein in photoinhibited leaves without direct effect on electron transport (Okada et al., 1991) . Similarly to our GS2 samples, Gaspar et al. (2006) in maize leaves treated during the chloroplast development by licomycin found high F 0 value, light induced decrease of F 0 below initial F 0 value; excessive and slow relaxing NPQ and reduced amount of reaction centers, but unaffected antenna composition. In addition, the partial lack of fully functional core complexes led to a high amount of not properly organized antenna complexes containing numerous monomeric LHCII units that contribute to increase of fluorescence quenching. In parallel to these findings, we can speculate that the reason of the atypical photosynthetic expression of GS2 can be the insufficiency in synthesis and/or repair of PSII reaction centers that lead to imbalance between number RCs and PSII antenna complexes. Another argument indirectly proving the analogy with lincomycin treated plants is the substantially lower PSII excitonic connectivity indicated by the difference in sigmoidal shape of early phase of fast chlorophyll induction curve (Fig. 5B ), in accordance with recent knowledge on excitonic connectivity (Stirbet, 2013; TsimilliMichael and Strasser, 2013) . Provided that the GS2 plants has also improperly organized antenna complexes with a high number of monomeric LHCs (similarly to those examined by Gaspar et al. (2006) in lincomycin treated leaves), the lower PSII excitonic connectivity have to be logically present in GS2, as the complete sigmoidal induction has been well fitted by the model of connected tetramers (Laisk and Oja, 2013) . Anyway, this hypothesis need to be experimentally verified at the molecular level before it is possible to draw conclusions.
The discussion above raises another important question, whether the decrease of activity of glutamine synthetase can lead to these accompanying phenomena. In this regard, Takahashi et al. (2007) reported the results of the study carried out on photorespiratory mutants of Arabidopsis with different mutations (not GS2). Based on the observation they concluded that an impairment of the photorespiratory pathway accelerates photoinhibition of photosystem II by suppression of repair but not acceleration of the damage. They found that the suppression of the repair process was due to inhibition of synthesis of D1 protein at the level of translation. The link between impaired photorespiration and inhibition of protein synthesis can be attributed to the interruption of Calvin cycle Takahashi and Murata, 2005) . However, this was not the case of our experiment, as the net carbon assimilation did not differ between WT and GS2; moreover, the RuBP decrease, which can limit Calvin cycle, was not observed in GS2 barley mutants even in conditions causing the decrease of photosynthetic rate (Leegood et al., 1995; Wingler et al., 1999) . Similarly, the content of aminoacids was in GS2 barley mutants similar to wild type, even in photorespiratory conditions, which indicates no direct effects of GS2 mutation on primary metabolism of nitrogen (Wingler et al., 2000) . Alternatively, photorespiration can cause extensive production of hydrogen peroxide (H 2 O 2 ) or other ROS at the PSI acceptor side, which would inhibit the metabolic processes, such as synthesis or repair of PSII components (Nishiyama et al., 2006 (Nishiyama et al., , 2011 Allakhverdiev and Murata, 2004; Murata et al., 2007) . Despite some studies show a negligible protective effect of photorespiration in stress conditions (Bresti c et al., 1995) , our recent results support the idea that the full functionality of photorespiratory pathway, especially the activity glutamine synthetase, is crucial for proper photoprotection (Kozaki and Takeba, 1996) .
Further, we can hypothesize that the GS2 plants enhanced the photoprotective systems to decrease the level of PSII photodamage. As the level of the photoinhibition was found to be linearly related to excitation pressure level (Kornyeyev et al., 2010) , for plant endangered to photoinhibition, the maintenance of low excitation pressure is crucial to survive. Our results encourage us to believe that thanks to high NPQ and high number of electron carriers, the release of electrons from reduced number of PSII reaction centers to PSII acceptor side was low enough to keep the excitation pressure and reduction level of PSI acceptor side at the level minimizing the risk of the oxidative damage of photosynthetic complexes (Takahashi et al., 2009 ).
In conclusion, despite the normal CO 2 assimilation rate, GS2 plants had a very specific responses to high light at the level of PSII photochemistry: an excessive non-photochemical quenching, high photochemical quenching (and low excitation pressure), a low PSII reaction centers to antenna ratio, lower PSII to PSI ratio, as well as significantly lower excitonic connectivity among PSII units compared to non-mutant plants. We suggest that the anomalous physiological expressions of GS2 were caused by decrease in synthesis and/or repair of molecular components of PSII due to the decrease of photorespiratory activity. This in turn could result in a low number of reaction centers, large and not properly organized light harvesting complexes and to enhanced non-photochemical dissipation of light energy to keep a low excitation pressure. We consider the GS2 mutant of barley as an interesting photosynthetic model, worthy of further examination as it can provide a new knowledge on the photorespiration functions, but also on redox signaling, photoprotection, repair or organization of light harvesting complexes.
